INTRODUCTION
Laser based NDE techniques offer a potential solution to many of the NDE problems found in the applications of high performance materials and aerospace structures. Typical of these structures and materials are the ones being developed for high speed civil transport as well as the currently used structures such as found in the commercial fleet. The response of the structure to a modulated laser beam can be used to probe both its thermal and mechanical properties which are often critical to its proper performance. Anther often mentioned advantage of laser based inspections is the laser beam can be remotely scanned over the surface of the object enabling the inspection of complex geometries.
For the detection of laser ultrasonic signals, various types of optical interferometries as well as other noncontact detectors have been pursued by many researchers to make the whole system fully noncontact [1, 2] . However, a major disadvantage of these techniques is their low sensitivity. In contrast. the piezoelectric transducers have the advantage of high sensitivity: several orders of magnitude higher than any alternate detection schemes [3] [4] [5] . This high sensitivity allows development of practical techniques which utilize these detectors [6, 7] . In the previous efforts by the authors, the transducer was coupled to the back side of the test specimen [7] . In this effort a more practical solution was sought where the transducer was coupled to the front surface.
The measurement of the ultrasonic response with a transducer coupled to the front surface increases the complexity of the received signals. The ultrasonic bulk response is superimposed on the surface wave response of the specimens. The complexity of the signals makes interpretation more difficult. This requires new modeling and data analysis techniques to improve the data interpretation.
A new technique developed recently by the authors uses piezoelectric transducers with various geometric shapes coupled to the front surface of the investigated specimen. The transducer is mounted far from the laser beam enabling a fast scan of an area of flexible size and with complex shapes. This system maintains the high sensitivity while avoiding both the difficulties associated with contact scanning and the expense of interferometric detection of the ultrasonic signals.
A new data analysis technique is developed, based on the magnitude spectra from the Fourier transforms of the detected signals, to reduce the difficulties of the data interpretation. This technique is successfully applied to the investigation of several aluminum plate structures.
Therefore, two subjects are presented here to reveal the geometric structures of aluminum plates. One is the laser ultrasonic technique using piezoelectric transducers for the front-surface detection. The second is the new technique for analyzing the magnitude spectra of laser generated plate waves.
FRONT-SURFACE DETECTION AND GUIDED WAVES
As mentioned in the previous section, the high sensitivity of piezoelectric transducers often makes them the detector of choice for various applications. In the previous work, for convenience, the transducer was coupled to the back surface of an investigated specimen. For an homogeneous medium, the transient time at each scanned position should be the same. Any time delay or phase shift of the detected signals is an indication of an inhomogeneity in the material or the structure. This arrangement simplifies data analysis.
However, when the transducers is coupled to the front surface, the propagation path of the wave to the detector is no longer as simple as for through transmission. For example, if a transducer is coupled to a thin plate and is remote from the laser scanned area, as shown in Fig. 1 , it will detect a superposition of several modes of waves propagating in the plate. These plate waves are typically highly dispersive. For example, shown in Fig. 2 are two laser ultrasonic wave forms taken from an aluminum plate with the thickness of 3 mm by using a thin strip of PZT transducer coupled to the front surface. (the details of experimental setup will be described in the next section.) Position B is two millimeters farther from the transducer than position A. There are no significant defects or structures between the scanned positions and the transducer. The change of the distances from the different scanned positions to the transducer results in not only a phase shift, but also the change of wave shapes from the dispersion of various modes as the waves propagate. It is clear that an attempt to directly correlate the variation of the amplitude of the wave fonns to the inhomogeneity of structures will be complicated by this shape change.
To better relate the variations in structures to the variations in acoustic responses, narrow-band detection was investigated. Lamb waves have long been used for the characterization of the plate thickness. These techniques are based on the dispersion relations which relate the phase velocity to the thickness.
It is well known that for plate waves (Lamb modes) there exist mode cutoff frequencies (nonnalized to V sib) [8] and ffic(bJV s) = O(s), 1t(a), 21t(s), ... ffic(bJV s) = O(a), k1t(s), 2k1t(a), ...
where, k == V I/V s, the ratio of the longitudinal velocity to the shear velocity; b is the thickness of the plate; and the letters s and a denote symmetrical and antisymmetrical waves respectively. When the excitation frequency is lower than the cutoff frequency, the excitation is a nonpropagating mode. In general the propagation constant, ~ becomes complex for nonpropagating modes. For the frequency smaller than the first nonzero cutoff frequency, fc = V sf2b, there exist two propagating modes, <l{) and so. The dispersion curves for these two modes, phase velocity as functions of ~b, are commonly used to characterize the plate thickness. These two curves approach to a constant value VR, as ~b becomes large. They are well separated at small values of ~b. However, keeping the value of ~b small limits the application to the thin plates only. Furthennore, the laser generated broad-band ultrasound contains frequencies well above tens of MHz. To keep fc greater than the maximum frequency generated, an even smaller b is required. Therefore this technique is, in general, limited to the plates with the thickness less than approximately 100 ilm [9] [10] [11] .
Recently several researchers have generated narrow-band Lamb waves with various laser techniques [12] . Basically these techniques involve a more complicated experimental setup and procedure than typical laser ultrasonic techniques. It should be noted that all the techniques based on the dispersion relations require measurements at two positions separated by a sufficient distance which limits the spatial resolution for investigating geometric structures.
In this work, although plate waves are the main interests, there is no attempt to modify the laser system to generate pure modes of Lamb waves. Rather, it is intended to use a unmodified laser system to generate multi-mode, broad-band guided waves for the applications of thin plates. The energy distribution of these broader spectra for the guided waves in plates is strongly related to the boundary conditions, and especially the thickness of the plates. The variations of the spectra indicate variations in the structures of the plates.
Instead of directly analyzing the transient signals in time domain, the Fourier transforms of the signals are taken and the spectra are analyzed. As the laser scans a specimen, the received wave form is recorded by a digital oscilloscope and a window with the suitable width is selected for the FFT. The digitized spectra are then recorded for analysis. During the scan, the selected window is shifted to somewhat cover the same portion of the wave form. Although the guided waves are dispersive and the wave shape keeps changing during the scan as the distance of the scanned position to the detector changes, the magnitude of the spectrum is not sensitive to a slight time shift of the window in the time domain. It is important to note that any time shift or variation in the shape of the window for the FFT results in a significant phase change in the spectra [10. 13] . While other techniques based on the dispersion relations relate variations in phase to variations in the plate thickness, the magnitude of the spectra is chosen for analysis in this study. Thus the error due to phase sensitivity can be avoided and the variation of the magnitude is related to the variations from defects or structural configurations. Fig. 3 shows the magnitude spectra of the FFT of the two respective wave forms shown in Fig. 2 . It is obvious that these spectra are shaped by the selected window and the piezoelectric transducer, which acts as a filter. However, once these are chosen. any variation of the spectra comes directly from the variations in the material or structure. It is of interest that even the low frequency portion, lower than the cutoff frequency, of the spectra can be useful. If the separation of the detector and the source is within the order of a "wavelength" the energy stored in this nonpropagating mode is still detectable. (The term of "wavelength" has the generalized meaning here, equivalent to the unit length for the exponential wave function e-1~lz.) In practice this is possible. For example, for an aluminum plate with the thickness of a few mm, a detector can be a few cm away from the source.
EXPERIMENTAL SETUP AND IMAGING
In Fig. 4 , the block diagram shows the experimental setup for the laser ultrasonic imaging. A Q-switched Y AG laser beam was scanned on the front surface of a sample. A thin strip of piezoelectric (PZT) transducer was coupled to the front surface of the sample, a few cm away from the scanned area. The detected signals were digitized by a digital oscilloscope and at each position the digitized wave forms were recorded. At the same time, the Fourier transforms of the digital wave forms were taken. The window for the FFT was automatically shifted to always capture the same portion of the wave form. The resulted spectra were stored in a computer for future analysis.
To transform the recorded spectra into an image, a single frequency is selected and the magnitude of the spectra at this frequency is presented as a function of position, lix, y; fj ). By sweeping through a frequency range. a series of images, I(x, y; f) can be obtained.
For this effort, the photoacoustic technique was also used to generate images with a low frequency excitation. A CW Argon laser was used and the beam was modulated at a selected frequency, typically less than 100 Hz. Similar to the laser ultrasonic technique, a piezoelectric transducer was coupled to the front surface as a detector. The signals were input into a lock-in amplifier. Both the magnitude A(x, y) and the phase <!lex, y) were recorded as functions of positions. All the images are finally normalized to a 256-level gray or color scale, without any further processing. for presentation.
RESULTS AND DISCUSSION
Several long grooves of various depths were machined in plates of aluminum. The laser Fig. 4 Block diagram of the laser ultrasonic imaging using front-surface piezoelectric detection. The laser generated plate waves propagate across the groove.
beam was scanned on the opposite surface of the groove, as illustrated in the Fig. 5 . A thin strip of PZT transducer was coupled to the sample on the same side of the laser scan. The Fourier transfmIDs of the detected signals were taken and the spectra were analyzed. For a selected frequency, the magnitude of the spectra as a function of positions was transformed into an image.
As discussed previously, the magnitude of the spectra at a given frequency is a function of the plate thickness. When the generation point is above the groove or on the same side of the groove as the transducer, the variation is directly related the thickness. However when the generation point is on the opposite side of the groove, the plate waves propagate across the region with the groove which acts as a filter. If the wavelength of a mode is much longer than the width of the groove, then its effect on this mode becomes negligible. Therefore, to reveal the structures of the plates, low frequencies of the spectra (for long wavelengths) are chosen. The long wavelength condition also ensures that some of nonpropagating modest are detectable in the range of the transducer. (1~lz < 1 in the exponential wave function e-I~lz.)
In Fig. 6 the laser ultrasonic images for four grooves with different depths are shown. The frequency for all these images is 150 kHz. The width for all grooves is 1.6 mm. The thickness of the plate is 3 mm. The depths of the grooves vary fmID 10% of the plate thickness to 60%. All these images reveal clearly the structure ~f the groove, even for the case where the depth of only 10% of the total thickness. The widths shown in the images increase as the depths decrease. The spatial resolution decreases as the structure is farther away from the front surface. fig. 7 shows another image of the aluminum sample, which was obtained from the output of a penducer. The transducer, with a diameter of only 2 mm, detects signals of the amplitude smaller than that from the transducer strip, but maintains relatively high sensitivity. This image of the aluminum plate with the depth of 60% of the thickness has a quality similar to the image obtained from the transducer strip (Fig. 6 (a».
If the thin strip of the transducer is coupled on the surface such that it is perpendicular to the direction of the groove and is far away from the scanned area, as shown in Fig. 8 , the images using the same frequency as the above fail to show the groove. To ensure a long wavelength condition, the photoacoustic technique is used. A CW laser beam is modulated at very low frequency (39 Hz). The photoacoustic image reveal clearly the groove of the aluminum plate again.
CONCLUSIONS
A novel laser ultrasonic technique using front-surface piezoelectric detection has been developed. The technique combines the transducer configuration with a new approach of data analysis based on the magnitude spectra of the detected signals. It has successful applications for the investigation of plate structures. The images which clearly show geometric structures of aluminum plates have been presented. This system has the advantages of high sensitivity and low cost. Further development of this technique will allow rapid inspection of large areas with complex geometries. Fig. 7 The laser ultrasonic image from a penducer. The depth of the groove is 60% of the plate thickness, same as that of (a) in Fig. 6 . The scanned area is 6 mm x 4.2 mm. Fig. 8 The Photoacoustic image of the same aluminum plate as that of Fig. 6 (a) . The scanned area is 6 mm x 3 mm. The transducer is coupled along the direction perpendicular to that of the groove. To ensure that the wavelength is much greater than the distance from the scanned area to the transducer. the laser beam is modulated at a frequency of 39 Hz.
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